AbstrAct
Objective The variety of disease phenotypes among patients with SLE challenges the identification of new biomarkers reflecting disease activity and/or organ damage. Osteopontin (OPN) is an extracellular matrix protein with immunomodulating properties. Although raised levels have been reported, the pathogenic implications and clinical utility of OPN as a biomarker in SLE are far from clear. Thus, the aim of this study was to characterise OPN in SLE. Methods Sera from 240 well-characterised adult SLE cases classified according to the American College of Rheumatology (ACR) and/or the Systemic Lupus International Collaborating Clinics (SLICC) criteria, and 240 population-based controls were immunoassayed for OPN. The SLE Disease Activity Index 2000 (SLEDAI-2K) was used to evaluate disease activity and the SLICC/ACR Damage Index (SDI) to detect damage accrual. Results Serum OPN levels were in average raised fourfold in SLE cases compared with the controls (p<0.0001). OPN correlated with SLEDAI-2K, especially in patients with a disease duration of <12 months (r=0.666, p=0.028). OPN was highly associated with SDI (p<0.0001), especially in the renal (p<0.0001), cardiovascular (p<0.0001) and malignancy (p=0.012) domains. Finally, OPN associated with coherent antiphospholipid syndrome (APS; p=0.009), and both clinical and laboratory criteria of APS had significant positive impact on OPN levels. Conclusions In this cross-sectional study, circulating OPN correlates with disease activity in recent-onset SLE, reflects global organ damage and associates with APS. Longitudinal studies to dissect whether serum OPN also precedes and predicts future organ damage are most warranted.
IntroductIon
Osteopontin (OPN) was first identified as a protein involved in bone remodelling, but later also shown to have important immunological roles. 1 The protein is produced by various cells including B cells and T cells, dendritic cells, macrophages, neutrophils, bone cells and neurons, and it is upregulated in response to injury and inflammation. 1 In SLE, activation of the type I interferon (IFN) system is typical, and many patients therefore display raised circulating levels of IFN-α, and/or express IFN-inducible genes, that is,'the type I IFN signature'. 2 The main IFN-α producing cells are the plasmacytoid dendritic cells (pDC), 3 which respond to viral nucleic acids via endosomal Toll-like receptors (TLRs) 7 and 9 by massive IFN-α production. Intracellular expression of OPN in pDC is required for TLR9-dependent expression of IFN-α, 4 and overexpression of OPN in lupus-prone mice induces B cell activation and subsequent antibody production, for example, anti-double-stranded (ds) DNA, 5 6 possibly implying an important mechanistic role of OPN in SLE pathogenesis. In line with this, raised OPN levels have been reported in SLE relative to healthy controls. 7 SLE is a complex autoimmune condition which can affect almost any organ system and is frequently associated with antiphospholipid syndrome (APS). 8 9 Over time, antiphospholipid antibodies occur in at least 30%-40% of patients with SLE and at least 20%-30% of these patients develop clinical APS. 9 10 The variety of disease phenotype combinations among patients with SLE challenges the hunt for new and reliable biomarkers that adequately reflect disease activity and/ or organ damage. The erythrocyte sedimentation rate (ESR), circulating cell counts, complement proteins and autoantibodies (eg, antibodies targeting dsDNA and complement protein C1q) are used to monitor global disease activity. 11 12 However, the anti-dsDNA and anti-C1q antibodies are primarily associated with raised disease activity in cases with renal lupus. 13 14 Whereas a recent study suggested that OPN identifies SLE cases at risk of developing organ damage, 15 renal disease 16 as well as global disease activity. 17 However, the implications for OPN in autoimmunity and its utility as a biomarker in SLE are far from clear. Thus, the aim of the present study was to evaluate OPN as a marker of disease activity and/or organ damage in SLE.
MAterIAls And Methods
Patients with sle and control subjects Two hundred and forty adult SLE cases (208 women, 32 men; mean age 49 years; range 18-88 years) were included. All patients took part in the prospective structured follow-up programme 'KLURING' (Swedish acronym for Clinical LUpus Register in Northeast Gothia) at the Rheumatology outpatient clinic, Linköping University Hospital, Sweden, previously described in detail. 18 19 Of the 240 cases, 202 (84%) met at least four of the 1982 American College of Rheumatology classification criteria (ACR-82). 20 Another 38 patients (16%) fulfilled solely the 2012 Systemic Lupus International Collaborating Clinics (SLICC-12) classification criteria; 21 198 patients (83%) met both ACR-82 and SLICC-12. The patients were recruited consecutively. Most were prevalent cases (199 patients, 83%), but 41 patients (17%) had recentonset disease (ie, disease duration <12 months) at the time of sampling. The mean disease duration was 10 years (range 0-45 years). For assessment of accumulated damage, the SLICC/ACR Damage Index (SDI) was used. 22 The damage was required to have been persistent for at least 6 months, and the cumulative damage from 12 organ systems was recorded. The SLE Disease Activity Index 2000 (SLEDAI-2K) 23 was recorded at each visit, and acquired organ damage according to the SDI 22 was registered at baseline and then annually after inclusion in KLURING. The Sydney Consensus Conference criteria 24 were used to classify APS. According to these criteria, APS is present if at least one of the clinical criteria (ie, thrombosis or pregnancy morbidity) and one of the laboratory criteria (ie, a positive lupus anticoagulant test and/or presence of anticardiolipin or anti-β2-glycoprotein-I antibodies) are met. 24 Further characteristics of the patients are summarised in table 1.
Peripheral venous blood was drawn from each individual at baseline. Serum was prepared and stored at −70°C until analysed. In addition, 14 of the 240 included patients were selected for consecutive analyses (5-10 visits per patient), with serial serum samples drawn. These patients were chosen due to fluctuations in disease activity (ie, SLEDAI-2K peak score of at least 4 points) over time.
At all patient visits, routine laboratory analyses (leucocytes, erythrocytes, platelets, urinalysis, plasma creatinine, glomerular filtration rate (GFR), C-reactive protein, ESR, classical complement function and complement proteins/ fragment C3, C3d and C4) were performed at the Clinical Chemistry Unit, Linköping University Hospital, or at Uppsala Akademiska Hospital, Sweden. The lupus anticoagulant test was also performed at the Clinical Chemistry Unit, by the dilute Russell's viper venom test and data were retrieved from medical records.
Sera from 240 population-based individuals (220 women, 20 men; mean age 40 years; range 18-73 years) Figure 1 Serum osteopontin (OPN) levels in populationbased controls and in cases with SLE. Serum levels of OPN, determined by ELISA, were significantly higher among patients with SLE (mean 40.6 ng/mL) compared with controls (mean 10.1 ng/mL).
included in the EIRA cohort (Swedish acronym for Epidemiological Investigation of Rheumatoid Arthritis) 25 served as controls for the OPN analyses.
oPn immunoassay
A serum-and plasma-validated ELISA kit was used to analyse OPN levels in SLE and control sera (Quantikine, R&D Systems, Minnesota, USA), and analyses were performed according to the manufacturer's instructions. Briefly, serum (diluted 1:25) was added to ELISA plates, precoated with monoclonal antibodies directed against human OPN. After incubation and washing of the wells, a horseradish peroxide conjugated polyclonal OPN specific antibody was added and the plate was incubated followed by washing and addition of tetramethylbenzidine substrate. The enzymatic reaction was stopped by adding 2 N sulfuric acid and read at 450 nm (plate reader Sunrise, Tecan, Männedorf, Switzerland; software Magellan V.7.1, Tecan).
Anticardiolipin and anti-β2-glycoprotein-I antibody assays
Anticardiolipin and anti-β2-glycoprotein-I antibodies (IgM and IgG) were analysed at the Clinical Immunology Unit at Linköping University Hospital using a fluoroenzyme-immunoassay (Phadia-250 instrument, Thermo-Fisher Scientific Phadia AB, Uppsala, Sweden). As defined by the Sydney criteria, 24 we used the ≥99th centile of 507 control sera (75% women) for each antibody isotype to calculate an adequate cut-off level. Of these controls, 212 were healthy blood donors (mean age 44 years) and 295 were controls from the general population without any history of thrombosis or obstetric morbidity (mean age 48 years). statistics Independent samples t-test was used to evaluate differences in OPN levels between patients with SLE and controls. Correlation analyses between OPN and disease activity variables were performed, and significant associations were further analysed in a univariate general linear model to adjust for age, sex, corticosteroid medication and disease duration. Relations between disease activity and organ damage, respectively, with OPN were assessed using stepwise linear regression model including SLEDAI-2K, SDI, age, sex, corticosteroids and disease duration with OPN as the response variable. Univariate general linear models with adjustment for age, sex, ongoing corticosteroid medication and disease duration was also used to evaluate the impact of disease activity, organ damage and APS on OPN levels. One-way ANOVA with Tukey's post hoc test was used to assess statistical differences between nephritis groups, between patients with extensive, moderate and no damage, and between SDI increase groups. p Values below 0.05 were considered statistically significant. Statistical analyses were performed with SPSS Statistics V.22 (IBM, Armonk, New York, USA) or GraphPad Prism, V.5.04 (GraphPad Software, La Jolla, California, USA). results serum oPn is increased in sle Levels of OPN were markedly higher among patients with SLE (mean 40.6±41.1 ng/mL) compared with the population-based controls (mean 10.1±12.3 ng/mL, p<0.0001; figure 1 ). There were no statistically significant differences between men (mean 48.6±29.3 ng/ mL) and women (mean 39.9±30.6 ng/mL) among the patients, nor among the controls (mean for men 12.6±15.7 ng/mL, mean for women 9.7±11.9 ng/mL).
oPn and disease activity
Cross-sectional correlation analyses between OPN and disease activity variables were performed, and significant associations were further analysed in a univariate general linear model to adjust for age, sex, corticosteroid medication and disease duration. Significant positive associations with OPN were found for ESR (p=0.001) and creatinine (p<0.0001), while a negative connection was found for haemoglobin (p<0.0001). However, we did not find any associations between OPN and GFR or the levels of complement C3, C3d or C4, or classical complement function. A weak positive correlation was found between OPN and SLEDAI-2K (r=0.211, p=0.039) when adjusting for age, sex, corticosteroids and disease duration. Furthermore, in patients with recent-onset disease (n=41) a stronger correlation was found between OPN and SLEDAI-2K (r=0.666, p=0.028) when adjusting for age, sex, corticosteroids and disease duration. Patients with ongoing nephritis at sampling had higher levels of OPN compared with patients with a history of nephritis (p=0.008), and with patients without a history of nephritis (p<0.0001) (figure 2). OPN levels were also analysed in the consecutive samples from 14 cases (see online supplementary figure 1). To evaluate if OPN reflects disease activity over time, we compared OPN levels between the time point of highest disease activity and lowest disease activity, respectively. Despite the Lupus Science & Medicine Figure 2 Serum osteopontin (OPN) levels in SLE cases with nephritis. Higher OPN levels were found among patients with ongoing nephritis (mean 65.0 ng/mL), compared with patients with a history of nephritis (mean 41.8 ng/mL) and patients without a history of nephritis (mean 37.7 ng/mL). visual impressions of a moderate compliance with disease activity, no significant differences were observed.
oPn reflects global organ damage
The mean SDI score was 1.1, while the median value was 0 (range 0-9; table 1). The proportion of patients with organ damage is presented in table 1. A correlation was identified between OPN and SDI (r=0.374, p<0.0001). A univariate general linear model was used to evaluate the impact of organ damage on OPN levels, and be able to adjust for age, sex, corticosteroids and disease duration. The relation between OPN and global organ damage (SDI) is shown in figure 3A . OPN was strongly associated with SDI (p<0.0001) (table 2) and patients with extensive damage (ie, SDI≥3) displayed increased levels of OPN (mean 68.4±44.9 ng/mL) compared with patients with moderate damage (ie, SDI 1-2, mean 36.0±25.0 ng/mL, p<0.0001) and no damage (ie, SDI=0, mean 35.6±22.9 ng/ mL, p<0.0001) (figure 3B). Furthermore, separating SDI into different organ systems revealed a significant positive impact on OPN levels for the renal (p<0.0001), cardiovascular (p<0.0001) and malignancy (p=0.012) domains (table 2) .
raised oPn precedes damage accrual
To investigate a possible predictive value of OPN, the change in SDI between study inclusion and 2-6 years after inclusion was calculated. Significantly higher OPN levels were found among patients with highly elevated SDI (ie, SDI increase between 3 to 8, p=0.029), and patients with moderately elevated SDI (ie, SDI increase 1-2, p=0.001), compared with patients without SDI increase ( figure 3C ). In addition, higher death rates were found among patients in the two groups with SDI increase. Relations between disease activity and organ damage, respectively, with OPN were assessed using stepwise linear regression model including SLEDAI-2K, SDI, age, sex, corticosteroids and Biomarker studies disease duration with OPN as the response variable. This model retained SDI (p<0.0001), but not SLEDAI-2K.
oPn is associated with APs
A univariate general linear model was used to evaluate the impact of APS associated clinical and laboratory manifestations on OPN levels. Analysing the different disease manifestations revealed positive significant impact of APS on OPN levels (p=0.009; figure 4 ). When dissecting APS with regard to clinical manifestations related to APS, we found arterial event (p=0.044), myocardial infarction (p=0.019), ischaemic stroke (p=0.026), arterial emboli (p=0.031), valvular heart disease (p<0.0001) and valvular surgery (p<0.0001) to have positive significant impact on OPN levels (table 2) . A borderline significance was observed for pulmonary embolism (p=0.053). Regarding laboratory items included in the APS criteria (ie, the lupus anticoagulant, anticardiolipin and anti-β2-glycoprotein-I antibodies), we found associations with a positive lupus anticoagulant test (p=0.033) and IgM anticardiolipin antibodies (p=0.027). However, no differences were found between triple positive (lupus anticoagulant and IgG/IgM anticardiolipin and IgG/IgM anti-β2-glycoprotein-I antibodies) patients compared with those that were not.
dIscussIon
The heterogeneity of SLE motivates the search for more informative biomarkers which mirror general disease activity and/or organ damage. OPN has recently been argued to identify cases prone to develop organ damage, 15 and was previously shown to associate with disease activity 17 as well as with renal lupus. 16 The aim of the present study was to evaluate OPN in this context. The results indicate that OPN levels reflect irreversible global organ damage and, particularly, damage within the renal, cardiovascular and malignancy domains of SDI. Furthermore, the level of OPN was also associated with several clinical events of APS (primarily on the arterial side), which also constitute parts of SDI.
In line with Lee et al, 7 we detected elevated levels of OPN in patients with SLE compared with controls. Correlation analysis showed an association between OPN and disease activity (ie, SLEDAI-2K) and, looking separately at patients with recent-onset disease, the correlation between SLEDAI-2K and OPN was even more convincing. Furthermore, we found that OPN and global organ damage (SDI) were highly positively associated. Rullo et al reported that increased circulating OPN levels preceded increased cumulative disease activity and organ damage in patients with SLE, especially in paediatric SLE. 15 The stepwise linear regression model in the present study, including both SLEDAI-2K and SDI with OPN as the response variable, retained SDI but not SLEDAI-2K in the model. The analysis of the longitudinal variations of OPN and SLEDAI-2K showed no distinct association with disease activity. Our cross-sectional analyses imply that OPN is a marker of disease activity among patients with recent-onset disease, whereas later on, in established disease, it serves as a marker of organ damage. The SDI increase calculated from SDI values at inclusion and 2-6 years after inclusion showed significantly higher OPN levels among patients with moderately or highly elevated SDI after study inclusion, as compared with patients without SDI increase. This implies that OPN is a marker of future organ damage. It is known that the SDI value is a good predictor of survival as well as of mortality. 26 27 In line
Lupus Science & Medicine with this, we found higher death rates among patients in the two groups with SDI increase. However, we certainly acknowledge that the analyses of OPN versus future SDI increase may be biased both by the fact that pre-existing organ damage per se predicts further subsequent organ damage, [27] [28] [29] and the limited follow-up time (2-6 years). Another limitation of our study is the low number (17%) of cases with recent-onset disease. Longitudinal studies in cohorts with recent-onset SLE are highly warranted to further investigate if OPN precedes organ damage and thus acts as a predictor.
When SDI was separated into the different organ systems, we found a significant positive impact on OPN levels for the renal, cardiovascular and malignancy SDI domains. High levels of OPN have earlier been found to associate with renal impairment in SLE, 16 17 and it has been hypothesised that OPN plays a part in a vicious circle of inflammatory damage in the kidneys, leading to persistent proteinuria and interstitial fibrosis. 30 31 Furthermore, in OPN knockout mice less infiltration of macrophages and reduced fibrosis was seen, 32 just as treatment with anti-OPN in nephritic rats reduces albuminuria and invasion of macrophages. 33 We also investigated the association of OPN with different clinical presentations. Patients with nephritis at sampling had significantly higher levels of OPN. Patients meeting classification criteria for APS also displayed increased levels of OPN. Dissection of APS into associated clinical manifestations revealed that several events had positive significant impact on OPN levels. In contrast to Quaglia et al, who did not find any APS associations, 16 we identified associations regarding OPN and a positive lupus anticoagulant test, as well as with the occurrence of IgM anticardiolipin antibodies. OPN levels have previously been linked to manifestations on the arterial side, such as the severity of coronary atherosclerosis, increased risk for major adverse cardiac events and peripheral arterial disease. 34 35 However, the role of OPN in cardiovascular disease is not fully clear. Some studies have suggested that OPN is an enhancer of atherosclerosis due to its proinflammatory property. 34 36 On the other hand, OPN may also exert potentially protective vascular effects. Increased expression of OPN has been hypothesised to play a protective role in postmyocardial infarction by recruiting macrophages and neutrophils to clean up debris from dead cells. 37 In addition, OPN is also able to modulate collagen deposition and fibrosis. 38 OPN is likely to play a critical role in chronic inflammation and, in SLE, potentially due to insufficient waste disposal. Overexpression of OPN in lupus prone mice induces B cell activation and subsequent production of anti-dsDNA antibodies, 5 6 and intracellular expression of OPN in pDC is required for TLR9-dependent expression of IFN-α. 4 The antibodies may form immune complexes that deposit in tissue and cause inflammation in situ. Furthermore, OPN induces migration, activation and macrophage cytokine production. 39 40 Defective clearance of apoptotic cells is a central feature of the SLE pathogenesis and OPN has been shown to inhibit apoptosis. 6 41 In this way a vicious circle of impaired clearance, autoantigen exposure, autoantibody production, chronic inflammation and tissue damage may be fuelled and refuelled.
To our knowledge this is the first study reporting a relationship between OPN and APS in SLE. In primarily established cases of SLE, OPN appears to reflect damage accrual and cardiovascular damage. The association with APS may predominantly relate to the damage occurring in connection with arterial events. To conclude, circulating OPN associates with APS and appears to be a marker of disease severity. Longitudinal studies are warranted to further investigate whether or not OPN precedes organ damage and thus acts as a predictor.
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